Abstract Soluble aggregated forms of amyloid-β protein (Aβ) have garnered significant attention recently for their role in Alzheimer's disease (AD). Protofibrils are a subset of these soluble species and are considered intermediates in the aggregation pathway to mature Aβ fibrils. Biological studies have demonstrated that protofibrils exhibit both toxic and inflammatory activities. It is important in these in vitro studies to prepare protofibrils using solution conditions that are appropriate for cellular studies as well as conducive to biophysical characterization of protofibrils. Here we describe the preparation and characterization of Aβ(1-42) protofibrils in modified artificial cerebrospinal fluid (aCSF) and demonstrate their prominent binding and activation of microglial cells. A simple phosphate/bicarbonate buffer system was prepared that maintained the ionic strength and cell compatibility of F-12 medium but did not contain numerous supplements that interfere with spectroscopic analyses of Aβ protofibrils. Reconstitution of Aβ(1-42) in aCSF and isolation with size exclusion chromatography (SEC) revealed curvilinear β-sheet protofibrils <100 nm in length and hydrodynamic radii of 21 nm. Protofibril concentration determination by BCA assay, which was not possible in F-12 medium, was more accurately measured in aCSF. Protofibrils formed and isolated in aCSF, but not monomers, markedly stimulated TNFα production in BV-2 and primary microglia and bound in significant amounts to microglial membranes. This report demonstrates the suitability of a modified aCSF system for preparing SEC-isolated Aβ(1-42) protofibrils and underscores the unique ability of protofibrils to functionally interact with microglia.
Introduction
Alzheimer's disease (AD) is a complex neurodegenerative disorder that is fast becoming the number one health concern in the US. The complexity of AD comes from the observation of two distinct protein lesions in the affected brain (Selkoe 2004) . These lesions include senile plaques composed of amyloid-β protein (Aβ) and neurofibrillary tangles (NFTs) composed of tau protein. Much of the data supports the hypothesis that Aβ accumulation is the initial pathogenic event followed by NFT formation. Accordingly, the relationship between the two proteins has been described as Aβ being more clearly linked to the cause of AD while tau is more clearly associated with the clinical manifestations of AD (Dickson 2004) . Adding to the complexity is the detection of different structural forms of Aβ (soluble and insoluble) in brain tissue. Although insoluble plaques consisting of fibrils are the most prominent type of Aβ deposit in AD, significant attention has now been turned to soluble Aβ forms (Haass and Selkoe 2007; Walsh and Selkoe 2007) . These oligomeric species are present in AD brain tissue and cerebrospinal fluid (Kayed et al. 2003; Georganopoulou et al. 2005 ; Lee et al. 2006; Jin et al. 2011 ) and may play an important role in cognitive dysfunction (Cleary et al. 2005) . The two primary Aβ fragments produced in vivo are Aβ(1-40) and Aβ(1-42) (Selkoe 2004 ) yet the senile plaques consist overwhelmingly of Aβ(1-42) (Gravina et al. 1995) .
Aβ aggregation mechanisms have been studied extensively in vitro and significant evidence confirms a greater aggregation propensity (Jarrett et al. 1993 ) and a more diverse population of aggregated species (Bitan et al. 2003) by . The process by which monomers self-assemble into mature fibrils proceeds through a variety of soluble intermediates including oligomers (Dahlgren et al. 2002; Kayed et al. 2003) and protofibrils (Harper et al. 1997; Walsh et al. 1997) . As small soluble precursors to Aβ fibrils, protofibrils are fairly well characterized. They are enriched in β-sheet structure and display toxicity against neurons . Aβ protofibrils have also been shown to disrupt ion channels (Ye et al. 2003 ) and inhibit hippocampal long-term potentiation (O'Nuallain et al. 2010) .
A notable component of AD pathology is the presence of inflammation in the affected regions. Inflammation is particularly intense surrounding the Aβ plaques and is evidenced by accumulation of activated microglia (McGeer et al. 1987 ) and the presence of proinflammatory cytokines (Dickson et al. 1993) . A chronic inflammatory state in AD has been suggested as an underlying mechanism of progressive neurodegeneration (McGeer and McGeer 1998) . It has been widely demonstrated that Aβ can stimulate microglia in vitro (Meda et al. 1995; Combs et al. 2001; Stewart et al. 2010 ) which enhances the testing of different structural forms of Aβ as well as different Aβ solution conditions for the ability to trigger an inflammatory response in microglia.
We have previously described robust microglial activation by Aβ(1-42) protofibrils in both BV-2 and primary murine microglia (Paranjape et al. 2012) . In that study, the protofibrils were formed, and isolated by SEC, in F-12 medium (without phenol red) supplemented with antibiotics. The use of this medium was compatible with cell treatment, maintained a physiologically relevant pH and ionic strength, and was a passable model for cerebrospinal fluid (CSF). However, there were spectroscopic limitations due to the presence of lightabsorbing compounds in the F-12 medium and there were simpler published protocols for artificial CSF (aCSF) that did not contain the complex mixture of components present in F-12 medium. In this report we describe the preparation and characterization of Aβ(1-42) protofibrils in a modified aCSF buffer system and their subsequent evaluation in both microglial binding and activation.
Experimental procedures
Preparation of Aβ peptides Aβ(1-42) was obtained from W. M. Keck Biotechnology Resource Laboratory (Yale School of Medicine, New Haven, CT) in lyophilized form and stored at −20°C. Aβ(1-42) peptides were dissolved in 100 % hexafluoroisopropanol (HFIP) (Sigma-Aldrich, St. Louis) at 1 mM, separated into aliquots in sterile microcentrifuge tubes, and evaporated uncovered at room temperature overnight in a fume hood. The following day the aliquots were vacuum-centrifuged to remove any residual HFIP and stored in dessicant at −20°C.
Size exclusion chromatography Lyophilized Aβ (1 mg) was dissolved in 50 mM NaOH to yield a 2.5 mM Aβ solution. The solution was then diluted to 250 μM Aβ in prefiltered (0.22 μm) artificial cerebrospinal fluid, centrifuged at 18,000g for 10 min with a Beckman-Coulter Microfuge 18 and the supernatant was fractionated on a Superdex 75 HR 10/30 column (GE Healthcare) using an AKTA FPLC system (GE Healthcare). Prior to injection of Aβ, the Superdex 75 column was coated with 2 mg of bovine serum albumin taken from a sterile 7.5 % fraction V solution (Sigma) to prevent any non-specific binding of Aβ to the column matrix. Following a 1 mL loading of the sample, Aβ was eluted at 0.5 mLmin −1 in aCSF and 0.5 mL fractions were collected and immediately placed on ice. Aβ concentrations were determined in line by UV absorbance using an extinction coefficient of 1,450 cm −1 M −1 at 280 nm. Aβ(1-42) fibrils were prepared by incubation of SEC-purified monomer at room temperature under gentle agitation at 25°C. Conductivity measurements were made by injecting different buffers or medium through the AKTA FPLC UPC-900 conductivity monitor until a stable conductivity (mS/cm) was obtained.
Thioflavin T fluorescence Aβ solutions were assessed by ThT fluorescence as described previously (Nichols et al. 2002) . Aβ aliquots were diluted to 5 μM in aCSF pH7.8 containing 5 μM ThT. Fluorescence emission scans (460-520 nm) were acquired on a Cary Eclipse fluorescence spectrophotometer using an excitation wavelength of 450 nm and integrated from 470-500 nm to obtain ThT relative fluorescence values. Buffer controls did not show any significant ThT fluorescence in the absence of Aβ. All ThT fluorescence numbers are reported in relative fluorescence units. Protein concentration determination In addition to in-line UV absorbance, a bicinchoninic acid (BCA) assay was also utilized to measure Aβ concentrations. A standard curve was constructed using SEC-purified Aβ(1-40) monomer diluted in aCSF typically in the concentration range of 5 μM to 80 μM. Aβ(1-40) standards or Aβ(1-42) samples (10 μl) were added to 100 μl of 50:1 mixture of BCA Reagent A to Reagent B (Thermo Fisher Scientific) and mixed thoroughly in individual wells of a 96 well plate. The plate was then incubated covered for 30 min at 37°C followed by cooling for an additional 15 min. Absorbance was then determined for each well at a wavelength of 562 nm. Aβ(1-40) standard curves were also evaluated using the Bradford method (Bradford 1976) . Briefly, 10 μl from Aβ(1-40) standard solutions ranging from 20 to 60 μM were mixed with 1.5 ml 1x Bradford reagent (BioRad), incubated for 10 min, and the absorbance was determined at 595 nm. Protein concentration was also determined by quantitative amino acid analysis (QAAA) at the W. M. Keck Biotechnology Resource Laboratory (Yale School of Medicine, New Haven, CT) for representative samples. Samples of SEC-isolated Aβ(1-42) protofibrils and monomers were placed in siliconized tubes, sealed, packed within a conical tube and shipped overnight for analysis.
Cell culture and primary microglia isolation BV-2 murine microglial cells were cultured as previously described (Paranjape et al. 2012 ) in Dulbecco's modified Eagle's medium (DMEM, 4.5 g/L glucose) (Hyclone) containing 50 U/ml penicillin, 50 μg/ml streptomycin, 50 μM β-mercaptoethanol, and 5 % fetal bovine serum (FBS, Hyclone). Primary murine microglia were obtained from 3-4 day old C57BL/6 mouse pups as previously described (Paranjape et al. 2012) . Briefly, brains were isolated and meninges were removed under sterile conditions. Minced and trypsinized brain tissue was resuspended in complete DMEM containing 10 % fetal bovine serum, 4 mM L-glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 0.25 μg/mL amphotericin-B (Fisher Scientific), OPI medium supplement (oxalocetate, pyruvate, insulin, Sigma-Aldrich), and 0.5 ng/ml recombinant mouse granulocyte-macrophage colonystimulating factor (GM-CSF) (Invitrogen). The cell suspension was filtered, centrifuged, resuspended in complete medium and seeded into 150 cm 2 flasks (Corning). Cells were cultured at 37°C in 5 % CO 2 until confluent (1-2 weeks) and microglia were selectively harvested from the adherent astrocyte layer by overnight shaking of the flask at 37°C in 5 % CO 2 and collection of the medium. The flasks were replenished with fresh medium, and incubated further to obtain additional microglia. Typically, this procedure was repeated 3-4 times for one flask without removal of the astrocyte layer.
Cell stimulation assay For cellular studies, BV-2 murine microglia were removed from culture flasks with 0.25 % trypsin and seeded in a sterile 96-well cell culture plate overnight at a density of 5×10 5 cells/ml in growth medium described above. Primary murine microglia were collected as described above by overnight shaking, collection of the cells and seeding in a sterile 96-well cell culture plate for 24 h at a density of 5×10 5 cells/ml in growth medium without serum or GM-CSF. Prior to cell treatment of both microglia cell types, medium was replaced with fresh serum-free medium followed by Aβ stimulation at a final concentration of 15 μM unless noted otherwise. The cells were incubated at 37°C for 6 h in 5 % CO 2 and the medium was collected and stored at −20°C for subsequent analysis by enzyme-linked immunosorbent assay (ELISA). The background cellular response was assessed using the particular buffer vehicle for the Aβ.
ELISA Measurement of secreted TNFα in the supernatants was determined by ELISA as previously detailed (Udan et al. 2008) . Briefly, 96-well plates were coated overnight with monoclonal anti-mouse TNFα capture antibody, washed with phosphate-buffered saline (PBS) containing 0.05 % Tween-20 and blocked with PBS containing 1 % BSA, 5 % sucrose and 0.05 % NaN 3 followed by another wash step. Successive treatments with washing in between were done with samples or standards, biotinylated polyclonal anti-mouse TNFα detection antibody in 20 mM Tris with 150 mM NaCl and 0.1 % BSA, streptavidin-horseradish peroxidase (HRP) conjugate, and equal volumes of HRP substrates 3,3′,5,5′-tetramethylbenzidine and hydrogen peroxide. The reaction was stopped by the addition of 1 % H 2 SO 4 solution. The optical density of each sample was analyzed at 450 nm with a reference reading at 630 nm using a SpectraMax 340 absorbance plate reader (Molecular Devices, Union City, CA). The concentration of TNFα in the experimental samples was calculated from a mouse TNFα standard curve of 15-2000 pg/ml. When necessary, samples were diluted to fall within the standard curve. TNFα concentrations for absorbance values below the lowest 15 pg/ml standard were determined by extrapolation of the standard curve regression line.
Microglial binding assay BV-2 murine microglia cells (0.1 ml, 5×10 4 cells/ml were plated in individual MatTek P35GC-1.5-14-C dishes (MatTek Corp., Ashland, MA) overnight in growth medium described above. In some cases cells were plated in MatTek P12G-1.5-14-F 12-well plates and no observable differences were noted. Cells were treated as described above in the cell stimulation assay procedures with either Aβ (15 μM) or aCSF and incubated for 30 min at 4°C (on ice), 25°C, or 37°C. Cells were then rinsed twice with serum-free growth medium and fixed with 3.7 % formaldehyde. Cell samples were then washed 3x with PBS containing 0.05 % Tween 20 (PBST) prior to a 1 h incubation with blocking buffer (10 % w/v dried milk in PBST) and after each subsequent step. All incubations were conducted with gentle shaking at 25°C. Samples were then treated for 1 h with the anti-Aβ antibody Ab9 (1:5000 dilution in PBST with 5 % w/v dried milk) followed by 1 h with donkey anti-mouse IgG antibody conjugated to Northern Lights (NL) 493 (R&D Systems). Cell nuclei were visualized after incubation for 5 min with 0.2 mL 0.3 μM 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI). After a final wash step, 0.2 mL PBS was applied to the wells to avoid cellular dehydration. Both two-dimensional and Z-stack images were obtained with a Zeiss LSM 700 confocal microscope at 40X magnification using ZEN 2009 imaging and analysis software. Excitation wavelengths used were 358 nm and 493 nm for DAPI and NL493 respectively. For comparison experiments, all optical and electrical settings were fixed at identical levels for each image to ensure that fluorescence intensities were not influenced by different settings.
Results
Comparison between F-12 and aCSF medium Aβ protofibrils have been prepared in a variety of buffers at physiological pH (Harper et al. 1997; Walsh et al. 1997) or slightly higher (Paranjape et al. 2012) . We sought to formulate a simple buffering system that was a good model for aCSF and then characterize the formation of Aβ protofibrils in this system. Somewhat different protocols have been used in previous preparations of aCSF but most typically utilize a phosphate/bicarbonate buffering system with additional ionic strength provided by KCl and NaCl (McNay and Gold 1999; Tzounopoulos et al. 2004 ). Additional common components found in both F-12 and aCSF are Mg 2+ , Ca 2+ and glucose. We examined and compared these formulations to guide our own preparation of a modified aCSF system (Table 1) . There have been no reports of a Mg 2+ or Ca 2+ requirement for Aβ aggregation so those ions were not included in the current modified aCSF preparation. Glucose was also excluded to reduce the potential for bacterial contamination. The pH was adjusted in order to be consistent with the measured pH (7.8) of F-12 medium utilized in our previous studies (Paranjape et al. 2012) . Conductivity measurements were done on F-12 medium, PBS, and the modified aCSF used in this report to determine if overall ionic strength in these systems was within the same range. As expected, purified water (18 MΩ resistance) exhibited no conductivity (0 mS/cm) while F-12 medium, PBS, and modified aCSF had conductivities of 16 mS/cm, 21 mS/ cm, and 15 mS/cm respectively. A control solution of 150 mM NaCl gave a value of 16 mS/cm.
Characterization of protofibrils formed and SEC-isolated in aCSF Reconstitution of HFIP-treated and lyophilized Aβ(1-42) in NaOH followed by dilution into aCSF at an Aβ concentration of 250 μM resulted in the rapid formation of protofibrils which were then isolated by SEC on a Superdex 75 column (Fig. 1a) . The rate of Aβ(1-42) protofibril formation in aCSF was similar to that previously observed in F-12 (Paranjape et al. 2012 ) and the distribution between protofibrils and monomers was also similar (Fig. 1a) . From these results it was determined that the absence of Mg 2+ , Ca
2+
, and Tzounopoulos et al. 2004 e current investigation glucose did not negatively affect the extent of protofibril formation. The preparative nature of the SEC isolation allowed further characterization of Aβ(1-42) protofibrils. ThT binding and fluorescence has been used previously as an indirect measure of β-sheet structure in soluble protofibrillar species . We have also used this technique to characterize SEC-isolated protofibrils in F-12 medium (Paranjape et al. 2012) . Analysis of the SEC fractions following aggregation and elution in aCSF revealed that freshly-purified monomers (5 μM) did not exhibit ThT binding and fluorescence while protofibril fractions (5 μM) displayed significant ThT fluorescence (Fig. 1b) . These findings were expected and demonstrated that the modified aCSF preparation did not significantly alter the Aβ(1-42) protofibril secondary structure. Transmission electron microscopy (TEM) imaging of the aCSF-eluted SEC void peak showed archetypal short curvilinear protofibrils (Walsh et al. 1997; Kheterpal et al. 2003 ) <100 nm in length (Fig. 1c) . Dynamic light scattering (DLS) analysis was conducted on the Aβ(1-42) protofibril peak in Fig 1a and a mean hydrodynamic radius (R H ) of 19 nm was determined from a cumulant fit of the autocorrelation curve constructed from 26 5-s acquisitions. A histogram generated from the regularized autocorrelation data gave a R H value of 23 nm (Fig 1d) . Mean cumulant-derived R H measurements of Aβ(1-42) protofibrils from five separate SEC purifications produced an average value of 21.9±4.0 nm standard deviation (data not shown). These size data for Aβ(1-42) protofibrils formed and isolated in aCSF are extremely close to those obtained in F-12 medium (Paranjape et al. 2012 ) and were quite consistent between replicate preparations.
Fibril formation in aCSF The ability of SEC-purified Aβ (1-42) monomer in aCSF to form fibrils was also assessed. Freshly-purified monomer (58 μM) was incubated at 25°C under gentle agitation conditions for 3 days. A significant level of ThT fluorescence was observed at the end point of the incubation and 2/3 of this material was removed from the supernatant following centrifugation at 18,000g for 10 min. Lyophylized Aβ(1-42) (1 mg) was brought into solution with NaOH followed by dilution into aCSF at a final concentration of 250 μM. The supernatant after centrifugation was eluted from a Superdex 75 column and 0.5 ml fractions were collected. UV absorbance at 280 nm was monitored during the elution (solid line). Panel B. Freshly isolated Aβ(1-42) protofibrils and monomers after elution from Superdex 75 in aCSF were diluted to 5 μM in aCSF containing 5 μM ThT and fluorescence emission was measured as described in the Methods. Panel C. Protofibrils (5 μl, 52 μM) applied to a copper formwar grid, and imaged by TEM at a magnification of 59,000. The scale bar represents 100 nm. Panel D. Aβ(1-42) protofibrils were analyzed immediately after SEC-isolation by DLS and a representative regularized histogram of percent intensity versus R H is shown. Intensity-weighted mean R H values were derived from the regularized histograms which for the above data was 23 nm recovered the ThT fluorescence. TEM images of the Aβ(1-42) pellet resuspension revealed long fibers with lengths up to 1 μm and typical widths of 5-10 nm (Fig. 2) .
Concentration determination of Aβ(1-42) protofibrils Aβ concentrations were determined during each SEC-purification using in-line UV absorbance. Previous studies have established that protofibril concentrations can be significantly over-estimated using UV absorbance due to light scattering (Nichols et al. 2002) . A BCA assay has been described as an alternative and effective measure of Aβ concentration (Jan et al. 2010) . Our use of the BCA assay to determine Aβ(1-42) protofibril concentrations was hampered in previous studies where protofibrils were formed and isolated in F-12 medium. This was due to interference from light-absorbing molecules in F-12 which produced a high background signal and a low signal to noise ratio. The preparation of protofibrils in aCSF allowed BCA assay determination of Aβ concentrations in the low micromolar range. Aβ concentration determination by Bradford assay was also investigated and while this method is less-used than BCA for Aβ studies, standard curves prepared from SEC-purified Aβ(1-40) monomer were nearly as sensitive (data not shown) and affected to a smaller extent by F-12 medium. These findings suggested that the Bradford assay may serve as an alternative for BCA in some situations but the considerable reproducibility and sensitivity of the BCA assay prompted its use. Standard curves were established using freshly-purified Aβ(1-40) monomer solutions ( Fig. 3a) and a linear regression of the data allowed subsequent measurement of protofibril and monomer concentrations. BCA assay analysis confirmed that concentrations of SEC-purified Aβ(1-42) monomer fractions closely matched those determined by the UV absorbance (Fig. 3b) . This was not the case with Aβ(1-42) protofibrils as comparison measurements showed that protofibril concentrations determined by BCA assay were typically less than half than those determined by UV absorbance. In a representative experiment, SEC-isolated Aβ(1-42) protofibrils were measured at 47 μM by UV absorbance but only 19 μM by BCA assay (Fig. 3b) . The preparation and isolation of Aβ(1-42) protofibrils in aCSF also made concentration estimation by quantitative amino acid analysis (QAAA) feasible. This was not possible in F-12 medium due to the presence of numerous amino acids that interfere with QAAA. The SEC-isolated Aβ(1-42) protofibrils shown in Fig. 3b were also analyzed by QAAA (Yale University Keck Laboratory) and the Aβ concentration was determined to be 18 μM, a value very close to that obtained from BCA analysis. Monomer concentrations determined by QAAAwere much closer to the UVabsorbancedetermined values.
Microglial activation and binding by protofibrils Aβ(1-42) protofibrils formed, and SEC-isolated, in aCSF were effective stimulators of TNFα production in microglia compared to Aβ(1-42) monomers (Fig. 4) . Both BV-2 and primary murine microglia were responsive to the protofibrils at a UV-determined concentration of 15 μM. Monomers at the same concentration were much less effective. Subsequent BCA analysis indicated the protofibril concentration was closer to 7 μM while the monomer concentration was confirmed at 15 μM (data not shown). The data demonstrated that Aβ(1-42) protofibrils formed in aCSF exhibited similar inflammatory activity as those formed in F12 medium. In order for Aβ protofibrils to activate microglia it is likely there is a physical interaction between the peptide and the cells that leads to a functional response. The ensuing studies investigated binding of Aβ(1-42) protofibrils to the cell membrane of BV-2 murine microglial cells. Microglia seeded in glass bottom culture dishes were treated with SEC-isolated Aβ(1-42) protofibrils, fibrils, monomers or aCSF buffer control. The dishes were then placed on ice for 30 min to prevent cellular uptake or phagocytosis of Aβ. The cells were then fixed and immunostained for Aβ (NL493-conjugated secondary antibody). Cell nuclei were also chemically stained with DAPI. All four cell samples were imaged with both NL493 and DAPI excitation channels. Aβ(1-42) immunostaining (NL493 fluorescence) was observed in the protofibriltreated, but not monomer-or fibril-treated, cells (Fig. 5) . DAPI staining confirmed the presence of microglia in all four cell samples. Several areas of intense Aβ staining were noted in the protofibril-treated sample in addition to moderate but widespread Aβ staining around the microglial surface. A Z-stack representation is provided in panel Fig. 2 SEC-purified Aβ(1-42) monomer in aCSF forms mature fibrils. A solution of freshly purified monomer (58 μM) in aCSF was incubated for 72 h at 25°C with gentle agitation. The solution was centrifuged, supernatant removed and the remaining pellet resuspended in the same volume of aCSF. TEM images of the isolated Aβ(1-42) fibril pellet (58 μM) were obtained at a magnification of 35,000. The scale bar represents 100 nm 5C that clearly demonstrates the cell surface-specific binding of the Aβ(1-42) protofibrils to the microglia. Figure 5 is a representative experiment of several that were conducted in which Aβ(1-42) protofibrils preferentially localized to the microglial membrane. The initial protofibrilmicroglia binding studies were done at 4°C to inhibit Aβ phagocytosis. This procedure allowed us to determine that monomers or fibrils do not bind in significant amounts to microglia compared to protofibrils. Subsequent experiments were conducted at either 25°C or 37°C and very little internalization of the Aβ(1-42) protofibrils was observed. In fact, confocal imaging revealed significant Aβ(1-42) protofibril binding to microglia after a 30 min incubation at 37°C (Fig. 6) . Z-stack analysis showed significant accumulation of protofibrils specifically at the cell surface. No observable difference in Aβ(1-42) protofibril binding was seen whether the interaction was performed at 37°C or 25°C (data not shown). In order to further correlate Aβ(1-42) protofibril binding with microglial activation, two different Aβ concentrations were examined. BV-2 microglia were treated with either 1 μM or 15 μM Aβ(1-42) protofibrils for 30 min and both TNFα production and microglia binding were assessed. Microglial cells were activated to a greater extent in the Standard solutions of SEC-purified Aβ(1-40) monomer (70, 50, 25, 15, and 7 .5 μM) were prepared and subjected to BCA assay analysis as described in the Methods. Each data point represents the mean absorbance for n03 measurements and error bars signifying standard error for the triplicates are shown. Linear regression analysis of the data points for the standards gave a correlation coefficient (r 2 ) of 0.9987. Panel B. Concentrations (μM) of SEC-isolated Aβ(1-42) monomer and protofibrils were determined by BCA assay using a standard curve constructed as shown in panel A. Duplicates of each sample were assessed and compared to the UV absorbance-determined (280 nm) concentration presence of the higher Aβ(1-42) protofibril concentration (Fig. 7a) . 15 μM Aβ(1-42) protofibrils induced a significantly higher level of secreted TNFα compared to 1 μM. The dose-dependent effect on microglial activation was reflected in the extent of Aβ(1-42) protofibril binding to the cell surface. Confocal fluorescence images indicated a relatively low level of binding when BV-2 cells were treated with 1 μM Aβ(1-42) protofibril (Fig. 7b, c) compared to the significant binding level observed with 15 μM (Fig. 7d) . These dose-dependent findings demonstrate a correlation between Aβ(1-42) protofibril binding to microglia and microglial activation and provides additional evidence linking the two processes.
Discussion
Aβ protofibrils have been generated under different solution conditions with most preparations using either Tris-HCl or phosphate as the buffering agent at a pH of 7.4 although the concentrations were not always identical (Harper et al. 1997; Walsh et al. 1997; Harper et al. 1999; Walsh et al. 1999; Kheterpal et al. 2003) . Some of the preparations included additional ionic strength from NaCl or KCl as well as an antibacterial such as sodium azide. All of these studies isolated protofibrils with SEC and obtained very similar species as determined by TEM. More recent studies have diluted isolated protofibrils into appropriate buffers for neuronal toxicity studies (Jan et al. 2010) . We recently took this preparation a step further by forming and isolating protofibrils in phenol red-free F-12 cell culture medium supplemented (1-42) protofibrils, but not monomers or fibrils, bind to microglia. BV-2 microglia were treated with 15 μM Aβ(1-42) protofibrils (PF), fibrils (F), monomers (M) or aCSF buffer control (C) for 30 min at 4°C as described in the Methods. Cell samples were probed with anti-Aβ antibody Ab9 followed by anti-mouse IgG-NL493 conjugate (green). As a final step, cell nuclei were stained with DAPI (blue). Confocal images above were obtained at 40X magnification. The scale bar represents 16 μm and applies to all four images. Panel C is a Z-stack representation of PF bound to the microglia cell surface. The thin image on the right side of the panel is a 3-dimensional slice corresponding to the red line while the thin image at the top is a 3-dimensional slice corresponding to the green line with antibiotics (Paranjape et al. 2012) . The complex mixture of numerous vitamins and amino acids (some light-absorbing) in F-12 medium hampered some spectroscopic analyses so a simpler phosphate/bicarbonate system was tested in the current study for formation and isolation of protofibrils. The SEC-isolated Aβ(1-42) protofibrils readily enhanced ThT fluorescence, exhibited classical protofibrillar morphological features by TEM, and were of similar size (R H ) as those prepared in F-12 medium. Aβ protofibrils are toxic to neurons and have been shown to induce alterations in neuronal and glial excitatory postsynaptic currents . Futhermore, Aβ protofibrils were also found to disrupt ion channels in rat cortical neurons (Ye et al. 2003 ) and inhibit hippocampal long-term potentiation in mouse hippocampal slices (O'Nuallain et al. 2010 ). These studies demonstrate direct toxicity of protofibrils to neurons yet there are additional mechanisms by which Aβ protofibrils can be deleterious to neurons. We recently found that SEC-isolated Aβ(1-42) protofibrils, but not fibrils or SEC-purified monomers, stimulated a robust inflammatory response in murine microglia (Paranjape et al. 2012) . Previous studies have determined that conditioned medium from microglia is toxic to neuronal cells suggesting that one way in which Aβ may create a toxic environment is via activated microglial cells and secretion of proinflammatory products. In the current study we demonstrate the formation and isolation of protofibrils in a modified aCSF solution and strengthen the case for Aβ(1-42) protofibrils as potent microglia activators.
There is a significant amount of data demonstrating microglial activation by Aβ but fewer reports are available on Aβ binding to microglia. Using THP-1 monocytes, a well-established model for microglia, Landreth and coworkers identified a multireceptor complex comprising the SR-B receptor CD36, α 6 β 1 -integrin, and the integrin-associated protein CD47 that mediated monocyte binding to fibrillar Aβ and initiation of the proinflammatory response (Bamberger et al. 2003) . The interaction was assessed using a quantitative cell adhesion assay that determined monocyte binding to fibrillar Aβ pre-adsorbed to a glass slide. Similar components of the multireceptor complex and the proinflammatory response were also observed in primary murine microglia. Although the binding was established, no images of Aβ binding to microglia were presented. Liu et al. recently demonstrated binding of oligomeric Aβ(1-42) to microglia using confocal microscopy (Liu et al. 2012 ) however the binding was punctate and not especially widespread yet colocalized with Toll-like receptor (TLR) 2. In comparison, the binding of Aβ(1-42) protofibrils to BV-2 microglia in our current study was substantial and covered a significant amount of cellular surface area. These differences may reflect differences between Aβ binding to BV-2 and primary microglia or differences between protofibrils in our study and oligomers in Liu et al. We have previously shown that TLRs mediate Aβ activation of THP-1 human monocytes (Udan et al. 2008 ) and others have demonstrated this same role for TLRs in microglia (Fassbender et al. 2004; Reed-Geaghan et al. 2009; Stewart et al. 2010 ). In our study we noted several areas of high density which may also represent specific Aβ-interacting cell-surface receptors. Furthermore, the lack of microglial binding by SEC-purified monomer in Fig. 5 demonstrates the importance of aggregation structure for cellular interaction. It is possible that the Aβ(1-42) monomers bound to microglia but were rapidly internalized and degraded. This scenario is not likely since the binding studies were carried out on ice to slow down internalization pathways. 
